A unique signature for the presence of massive black holes in very dense stellar regions is occasional giant-amplitude outbursts of multiwavelength radiation from tidal disruption and subsequent accretion of stars that make a close approach to the black holes 1 . Previous strong tidal disruption event (TDE) candidates were all associated with the centers of largely isolated galaxies 2-6 . Here we report the discovery of a luminous X-ray outburst from a massive star cluster at a projected distance of 12.5 kpc from the center of a large lenticular galaxy. The luminosity peaked at ∼10 43 erg s
A unique signature for the presence of massive black holes in very dense stellar regions is occasional giant-amplitude outbursts of multiwavelength radiation from tidal disruption and subsequent accretion of stars that make a close approach to the black holes 1 . Previous strong tidal disruption event (TDE) candidates were all associated with the centers of largely isolated galaxies 2-6 . Here we report the discovery of a luminous X-ray outburst from a massive star cluster at a projected distance of 12.5 kpc from the center of a large lenticular galaxy. The luminosity peaked at ∼10 43 erg s
and decayed systematically over 10 years, approximately following a trend that supports the identification of the event as a TDE. The X-ray spectra were all very soft, with emission confined to be 3.0 keV, and could be described with a standard thermal disk. The disk cooled significantly as the luminosity decreased, a key thermal-state signature often observed in accreting stellar-mass black holes. This thermal-state signature, coupled with very high luminosities, ultrasoft X-ray spectra and the characteristic powerlaw evolution of the light curve, provides strong evidence that the source contains an intermediate-mass black hole (IMBH) with a mass of a few ten thousand solar mass. This event demonstrates that one of the most effective means to detect IMBHs is through X-ray flares from TDEs in star clusters.
We discovered the X-ray source 3XMM J215022.4−055108 (referred to as J2150−0551 hereafter) in our project of searching for TDEs from the XMM-Newton X-ray source catalog. The source lies at an angular offset of 11.6 arcsec from the center of the barred lenticular galaxy 6dFGS gJ215022.2-055059 (referred to as Gal1 hereafter) and is spatially coincident with a faint optical object. Gal1 is at a redshift of z = 0.055 or a luminosity distance of DL = 247 Mpc (for H0 = 70 km s −1 Mpc −1 , ΩM = 0.3, ΩΛ = 0.7). The chance probability for J2150−0551 to be within 11.6 arcsec from the center of a bright galaxy like Gal1 is very small (0.01%, see SI), strongly supporting the association of J2150−0551 with Gal1.
The fits to the X-ray spectra with a standard thermal thin disk are shown in the lower panels in Figure 2 (see also Table 1) , and the inferred long-term evolution of the bolometric disk luminosity is plotted in the upper panel. The dependence of the bolometric disk luminosity on the apparent maximum disk temperature is plotted in Figure 3 . The most striking feature is that the disk luminosity approximately scales with the temperature as L ∝ T 4 (i.e., a constant inner disk radius, the solid line in the figure), as often observed in accreting stellar-mass black holes in the thermal state, during which a standard thermal thin disk dominates the X-ray emission 8, 9 . The disk cooled significantly, with the disk temperature decreasing from 0.28 to 0.14 keV, as the disk luminosity decreased by one order of magnitude from 1.1 × 10 43 to 1.1 × 10 42 erg s −1 within 10 years. Therefore we have conclusive evidence that most observations were in the thermal state. The brightest observation (X1 hereafter), taken by XMM-Newton in 2006, shows a significant deviation from the L ∝ T 4 relation traced out by the other observations. The X-ray spectrum in this observation seems to have a disk temperature profile more characteristic of a super-Eddington accretion state (see SI), in which the radiation pressure is stronger than the gravitational force in the inner disk. Based on fits with a more physical disk model optxagnf 10 to the thermal-state observations, we infer an IMBH in J2150−0551, with a mass between 5 × 10 4 and 10 5 M⊙, depending on the spin parameter assumed (see SI). implies a star cluster with a stellar mass ∼10 7 M⊙ and a bolometric stellar luminosity of ∼10 7 L⊙ (see SI). The optical source is spatially unresolved in the HST F775W image, with the half-light radius estimated to be 20 pc (see SI). All these properties suggest a massive star cluster. It could be a very massive globular cluster 12 or more likely a remnant nucleus of a tidally stripped dwarf galaxy in a minor merger 13, 14 , given that the galaxy might be in an epoch of frequent minor mergers -there seems to be a minor merger of a satellite galaxy with Gal1 near J2150−0551 (Figure 1) .
The standard TDE theory 1, 15 predicts the mass accretion rate to decay with the time t after the stellar disruption as t −5/3 . A simple TDE model for the luminosity evolution of J2150−0551 is shown as a solid line in the upper panel in Figure 2 , indicating that the luminosity of the source decayed approximately as t −5/3 . The time when the star was disrupted is inferred to be around mid October 2003, which is consistent with the constraint on the outburst start time from the optical variability. Prior to the observation X1, the mass accretion rate was most likely super-Eddington, in which case the luminosity would be maintained at around the Eddington limit owing to the effects of photon trapping and mass outflows 16 . Therefore, we assume a constant luminosity before X1. This Eddington-limited plateau is supported by the non-detection of the source in an XMM-Newton slew observation in 2004 and also by the low variability of the optical flux in the flaring phase in 2005 (see SI). Further assuming that the rise was fast and occurred one month after the disruption 17 , we estimate the total energy released until the last Chandra observation to be 8.9 × 10 50 ergs, and the corresponding mass accreted into the black hole was 0.061(0.1/η) M⊙, where η is the efficiency in converting rest mass into radiated energy in the sub-Eddington accretion phase. These values of released energy and accreted mass are typical of other known TDEs [18] [19] [20] , but few TDEs 6 are known to sustain super-Eddington accretion rates for long periods, as J2150−0551 likely did.
The optical counterpart to J2150−0551 is very faint, and we observed no clear emission lines or absorption features in our recent Gemini observation. Although we cannot determine its redshift through spectroscopy, we can securely rule out alternative explanations for the source based on its unique X-ray spectral properties (see SI). Only a neutron star in a low-mass X-ray binary thermally cooling right after the crust being heated in a large accretion outburst could mimic the X-ray spectral evolution observed in J2150−0551. However, this explanation is strongly disfavored, given the absence of a large accretion outburst in the light curve from the All-sky Monitor onboard the RXTE (see SI).
Because J2150−0551 was discovered through our systematic search over the XMM-Newton X-ray source catalog, we can estimate the rate of off-center TDEs like J2150−0551 and find it to be ∼10 −8 Mpc −3 yr −1 (see SI). The TDE rate for black holes with masses of a few 10 4 M⊙ in star clusters was predicted [21] [22] [23] to be between 10 −5 -10 −3 yr −1 per black hole. Then our discovery of J2150−0551 implies a significant number of off-center IMBHs with masses of a few 10 4 M⊙ in the local Universe, with a space density between ∼10 −5 -10 −3 Mpc −3 .
Our study of the XMM-Newton X-ray source catalog also led to the discovery of a possible TDE associated with the nucleus of an isolated dwarf galaxy 24 that could contain a black hole with a mass of 10 4 -10 5 M⊙. The nuclei of dwarf galaxies probably have similar stellar densities and thus similar TDE rates as seen in off-center very massive (∼10 7 M⊙) star clusters 25 . Then our discovery of similar numbers of centered and off-center TDEs for small black holes with masses of a few 10 4 M⊙ could imply similar numbers of centered and off-center black holes in this mass range 26 .
A large majority of IMBHs might be electromagnetically invisible if they preferentially form in dense star clusters, which tend to be devoid of gas 27 . Indeed, a wide variety of searching strategies have found very few strong IMBH candidates with masses of 10 2 -10 5 M⊙. ESO 243-49 HLX-1, which also lies in a lenticular galaxy, was the only one clearly showing very similar X-ray spectral evolution -especially the L ∝ T 4 scaling relation for the disk -to that observed in accreting stellar-mass black holes, except that ESO 243-49 HLX-1 had three orders of magnitude higher luminosities and much lower disk temperatures as expected for an IMBH 28-30 with a mass of ∼10 4 M⊙. J2150−0551 and ESO 243−49 HLX-1 followed a very similar L-T 4 scaling relation (Figure 3 ), implying that they host black holes with very similar masses (see SI). One main difference is that ESO 243−49 HLX-1 showed frequent X-ray outbursts and was unlikely to be due to a single disruption of a star. Our event demonstrates that IMBHs off-center from their primary host galaxies may generate TDEs if they reside in dense star clusters. Because TDEs of IMBHs are expected to easily reach the maximum luminosity, i.e., the Eddington limit 17 , as seen in our event, they provide a powerful way to detect superEddington accreting IMBHs to a large distance.
1. Rees, M. J. Tidal disruption of stars by black holes of 10 to the 6th-10 to the 8th solar masses in nearby galaxies. Nature 333, 523-528 (1988 . N H,i is the absorption intrinsic to the X-ray source at redshift 0.055. It was tied together in the simultaneous fit to all spectra and then fixed at the best-fitting value when we calculated the uncertainties of other spectral parameters. The diskbb parameter kT disk is the disk apparent maximum temperature, and the normalization N disk is defined as ((R disk /km)/(D/10kpc)) 2 cos θ, where R disk is the apparent inner disk radius, D is the source distance, θ is the disk inclination angle. χ 2 ν is the reduced χ 2 value, and ν is the degrees of freedom. L abs is the source rest-frame 0.32-10.6 keV (i.e., observer-frame 0.3-10 keV) luminosity, corrected for the Galactic absorption but not intrinsic absorption, and L unabs is the source rest-frame 0.32-10.6 keV luminosity, corrected for both Galactic and intrinsic absorption. L disk is the unabsorbed bolometric disk luminosity. We note that in the fits to X1, C1 and X2 we added a power-law component of photon index 1.8, in order to account for possible contamination from the nuclear source of Gal1; this component was found to be very weak and was not included in the luminosity calculation (see SI). All luminosities assume a disk inclination of 60
• . appears to be in a barred lenticular galaxy Gal1. The X-ray position of J2150−0551 from the Chandra observation C2 is marked with a green circle, whose radius, for clarity, is twice as large as the 99.73% X-ray positional error (0.25 arcsec). The source has a faint optical counterpart, at an offset of only 0.14 arcsec from the X-ray position. The galaxy at the bottom of the image (Gal2) could be a satellite galaxy connected with Gal1 through a tidal stream (red arrow), indicating that Gal1 is rich in minor mergers. The rise was assumed to be fast, occurring one month after disruption, and the luminosity before X1 was assumed to be constant, given that the source was most likely in the super-Eddington accretion phase during that time. The dotted line neglects this Eddington-limited effect and predicts a luminosity a factor of 3 higher than the 3σ upper limit implied by the XMM-Newton slew observation. Lower panels: the standard thermal disk fits to the X-ray spectra in different observations. A power-law component (dashed line) was added in the fits to X1, C1 and X2 (inferred to be zero in this observation) to account for possible contamination of the nuclear source of Gal1 in these observations, which had relatively large point spread functions. For clarity, the spectra are rebinned to be above 2σ in each bin in the plot, and for the XMM-Newton observations, we only show the pn spectra. We did not fit the S1 spectrum due to its low statistics, and its luminosity was estimated based on the spectral fit to C2. We used SAS 16.0.0 and the calibration files of March 2017 to analyze the two XMM-Newton observations. The source was in the field of view (FOV) of all the three European Photon Imaging Cameras (i.e., pn, MOS1, and MOS2) [31] [32] [33] in the imaging mode in both observations. Strong background flares were seen in all cameras in both X1 and X2, and we excluded data in these intervals following the SAS thread for the filtering against high backgrounds. The exposure times of the clean data finally used are listed in Supplementary Table 1. We extracted the source spectra from all cameras using circular regions, whose radii are given in Supplementary Table 1. The background spectra were extracted from large circular regions with radii in the range of 50-100 arcsec near the source. We adopted the event selection criteria used in the pipeline 34 . We used the SAS task rmfgen to create the response matrix files and arfgen to create the point-source aperture corrected auxiliary response files. We note that there were bright columns through the source extraction region in pn in X1. These columns were excluded after the standard good event selection, resulting in a significant reduction on the source counts from pn. In both MOS1 and MOS2 cameras, a small fraction of the source counts were lost because the source was close to CCD gaps. We also performed the variability test by applying the SAS tool ekstest to the light curves of both observations extracted with the tool epiclccorr.
X1
We note that there was no obvious pile-up for J2150−0551 in the XMM-Newton data because the source was not very bright. This is supported by the consistent fits obtained with the spectra from different cameras (see Supplementary Figure 2 ). Pile-up, if present, would affect the MOS1 and MOS2 spectra much more seriously than the pn spectra. In addition, we also created spectra using only single-pattern events, which would significantly reduce any possible pile-up, but we obtained consistent fitting results, compared with the fits to the spectra created above using all standard good events.
The C1 observation used the AXAF CCD Imaging Spectrometer (ACIS) 35 , with the aimpoint and J2150−0551 falling in the frontilluminated chips I3 and I0, respectively. Our follow-up observation C2 also used the ACIS, but with the aimpoint falling in the backilluminated chip S3 (J2150−0551 was offset from the aim point by only 9 arcsec). We reprocessed the data to apply the latest calibration (CALDB 4.7.3) using the script chandra repro in the Chandra Interactive Analysis of Observations (CIAO) package (version 4.9). We used the CIAO task specextract to extract the spectra of J2150−0551 and create the corresponding response files. We extracted the source spectra using circular regions of radii 7.7 and 1.6 arcsec, enclosing 90% and 95% of the point spread function (PSF) at 1 keV, for C1 and C2, respectively. The background spectra were extracted from circular regions of radius 40 arcsec near the source in both observations. We point out that pile-up was negligible in C1 because J2150−0551 was not very bright and was at a very large off-axis angle of 8 arcmin, resulting in a very large PSF. Pile-up was not an issue in C2 either, because J2150−0551 was very faint in this observation.
There was clearly a faint source detected in C2 at the nucleus of Gal1 (hereafter Source 1). We extracted the spectra for this source from this observation as well, in the same way as we did for J2150−0551.
We note that Source 1 was not clearly seen in observations X1, X2, and C1, because Source 1 was much fainter than J2150−0551 and they were hardly resolved from each other due to their large PSFs in these observations. When we fitted the spectra of J2150−0551 from X1, X2 and C1 in the SI, we had an extra spectral component to account for the contamination from Source 1 and found this nuclear source to be very faint, as observed in C2.
The best position of J2150−0551 can be obtained from the on-axis Chandra observation C2, which had the sub-arcsec resolution near the aimpoint. We carried out absolute astrometric correction and determined the statistical and systematic positional errors in the same way as we did in our previous studies 6, 36 . In brief, we first carried out the X-ray source detection using the CIAO tool wavdetect 37 , and then performed absolute astrometric correction using 25 matches of X-ray sources and optical sources from the CFH12K mosaic 38 R-band image (see below).
In the two Swift observations in 2014, the X-ray telescope (XRT) 39 was operated in Photon Counting mode. We analyzed the data with FTOOLS 6.20 and the calibration files of May 2017. The X-ray data were reprocessed with the task xrtpipeline (version 0.13.3) to update the calibration. We extracted the source and background spectra using circular regions of radii 20 and 100 arcsec, respectively.
Multi-wavelength Photometry Observations
In both XMM-Newton observations X1 and X2, J2150−0551 was also covered in the images of the Optical Monitor (OM) 40 , which used only the UVM2 (2310Å) filter. The source was not detected in these images, whose 3σ detection limit was ∼22.0 AB mag. In both Swift observations in September 2014, the UV-Optical Telescope (UVOT) 41 images used the U V W 2 (2120Å) filter. J2150−0551 was not detected either in these images, whose 3σ detection limit was 24.3 AB mag.
J2150−0551 happened to be covered in an image from the Advanced Camera for Surveys (ACS) Wide Field Camera (WFC) on the Hubble Space Telescope (HST) on 13 September 2003 (Supplementary Table 2 ). As will be shown, it clearly revealed a very faint counterpart to J2150−0551. The image was composed of four 510-s exposures, but J2150−0551 was covered by only two of them because it happened to be in the CCD gap (in the north-south direction) in the other two exposures. We measured the photometry using a circular source region of radius 0.5 arcsec and an annular background region of inner radius 0.6 arcsec and outer radius 0.8 arcsec. The photometry was then corrected for the PSF loss 42 .
There are also many optical/IR observations in the field of J2150−0551 by the CFH12K mosaic 38 Table 2) . We used the calibrated images obtained in the literature 45 . They were calibrated by comparing with the SDSS photometry. These ground-based images have much larger PSFs than the HST image. Therefore, there is significant non-uniform stellar emission of the host galaxy at the position of J2150−0551, making the calculation of the photometry of our source in these images non-trivial. We carried out detailed fits to the profile of the host galaxy plus the counterpart to J2150−0551 in these images using GALFIT 46 in order to calculate the photometry of J2150−0551. Multiple Sérsic functions convolved with the PSF were used to fit the galaxy profile, while a PSF model was used to fit the counterpart to J2150−0551, which showed no evidence of being resolved in the HST image. Because the main goal was to obtain the photometry of J2150−0551, we tried to use an adequate number of Sérsic functions to ensure reasonable fits to the host galaxy emission. The exact numbers of Sérsic functions used varied with images and were in the range between five and nine.
To measure the current optical emission level, we obtained a SOAR U -band image and a Subaru g-band image of our source in 2014 (Supplementary Table 2 ). We also obtained a Gemini rG0326-band image, which was used to design the mask for the Gemini Multi-Object Spectrograph (GMOS) 47 observation of J2150−0551 (program id GS-2016A-Q-20). All these images were reduced and calibrated using standard procedures. The above GALFIT photometry method was also applied to these images.
The GMOS Observation
A special mask was designed for the GMOS observation of J2150−0551, Gal1, and Gal2 (see Supplementary Figure 1 ). To take full advantage of the multi-object spectroscopy capabilities of the instrument, other galaxies were also included in the mask design, but the analysis and scientific use of them will be presented in a separate paper. The GMOS spectroscopic data were obtained during the nights of 27 September 2016 and 4 November 2016, in dark conditions, with a good sky transparency and a median seeing between 0.45 and 0.55 arcsec. All spectra were acquired with the R400 grating centered at 5500Å. A total exposure time of 3 hours (6 × 1800 seconds) was obtained for the mask. Small offsets of ∼50Å between exposures toward the blue and red were applied to avoid the loss of any important lines present in the spectra. All objects in the mask were observed with 1 arcsec slit widths, except Gal2, which has a larger size and thus was observed with a 1.5 arcsec slit width.
The spectroscopic data were reduced with the GEMINI package version 1.3.1 inside IRAF. The science spectra, comparison lamps and spectroscopic flats were bias/overscan subtracted, trimmed and flat fielded using the spectroscopic flats. The 2-D spectra were then wavelength calibrated, corrected by S-shape distortions and sky-subtracted. Because our primary interest resided in the galaxies Gal1 and Gal2 and the optical counterpart to J2150−0551, only the spectra of these three objects were extracted to a one-dimensional format. For Gal1 and Gal2, we used a fixed aperture of 1.4 arcsec. For the optical counterpart to J2150−0551, a fixed aperture of 0.8 arcsec was used, with the background taken to be the mean of two background regions that were on different sides of the source and had the same size as the source aperture, in order to account for the effect of the Gal1 stellar emission near J2150−0551. The residual values in the wavelength solution for ∼25 points using a 5th-order Chebyshev polynomial typically yielded rms values of ∼0.15Å. The final spectral resolution (FWHM, measured from the sky lines at 6300Å) is ∼7.1Å for Gal1 and the optical counterpart to J2150−0551 (1 arcsec slit width) and ∼8.2Å for Gal2 (1.5 arcsec slit width). The wavelength coverage was ∼4200-8000Å, depending on the position of the slit in the GMOS FOV. Finally, the 1D spectra were calibrated in flux using the observation of the spectrophotometric standard star LTT 1788. Because this standard star was observed on a different night (2 February 2016) and under different observing conditions, the science spectra were only relatively calibrated in flux.
We fitted the GMOS spectra with Penalized Pixel Fitting (pPXF) software 48 , which extracts the stellar kinematics or stellar population from spectra of galaxies with the penalized pixel-fitting method. We used multi-component models comprised of single-population synthetic spectra 49 , spanning a grid of 48 ages between 0.06 to 14 Gyr and 7 metallicities [M/H]={−2.32, −1.71, −1.31, −0.71, −0.40, 0.00, +0.22}. For the spectrum of the nuclear region of Gal1, we added several Gaussian lines to model the possible presence of emission lines. This spectrum is of high quality, and we incorporated a multiplicative polynomial of 10 degrees to account for possible calibration uncertainties. The spectra of Gal2 and J2150−0551 are noisy, and we did not incorporate a multiplicative polynomial in the fits. All spectra were corrected for the Galactic dust reddening 50 of E(B − V) G = 0.03 mag before the fits.
Numerical modeling of a cooling neutron star scenario for J2150−0551
As will shown in the SI, the very soft X-ray spectra of J2150−0551 approximately resemble those of thermally cooling neutron stars (NSs) in low-mass X-ray binaries (LMXBs) often detected after large outbursts due to accretion 51, 52 . Cooling curves have been observed in about ten NS LMXBs 53 , and they were generally explained as the cooling of the NS crust after being heated by non-equilibrium nuclear reactions during large accretion outbursts 54, 55 . We need to estimate the mass accretion rateṀ needed to produce the hypothetically observed cooling curve of J2150−0551 and compare thisṀ with the detection limit from the All-Sky Monitor (ASM) 56 onboard the RXTE, in order to check the feasibility of the cooling NS explanation for J2150−0551. We estimatedṀ through extensive Markov chain Monte Carlo (MCMC) simulations with the code NSCool 57-59 , using an MCMC driver inspired from the emcee code 60 . We used 200 "walkers" exploring simultaneously the parameter space. The parameters of the MCMC runs covered a wide range of possibilities about the structure and microphysics of the NS and the characteristics of the accretion outburst responsible for the heating of the NS prior to the four observations X1, C1, X2, and C2. We modeled the accretion phase as a step function in time with a constantṀ , with the start time constrained to be between 14 May 2004 and 3 June 2005 and the end time to be between 7 November 2005 and 5 May 2006 (see SI). We explored a wide range of possible values of the NS mass (MNS=1.0-2.2 M⊙) and radius (RNS=8-16 km). The cooling curve and the source distance inferred from the spectral fits depend on the NS mass and radius assumed. We first obtained the cooling curves and the source distances for a grid of 13 NS masses (step 0.1 M⊙) and 9 radii (step 1 km) from the spectral fits and then interpolated them to obtain the cooling curve and source distance for any NS mass and radius of each MCMC run. In order to convertṀ from the MCMC to the ASM count rate, we assumed a radiative efficiency of 1 − 1 − 2GMNS/RNSc 2 , where c is the speed of light and G is the gravitational constant, and adopted a bolometric correction factor of five from the ASM band pass (1.5-12 keV) to 0.2-100 keV, based on typical low-state spectra of NS LMXBs 61 . Shallow heating of the crust released at low densities (∼10 8 -10 10 g cm −3 ), beyond the deep crustal heating, is often needed in explaining the cooling curves of many objects 58, 62, 63 . Therefore we also considered this possibility and added a shallow energy source, which was parametrized in terms of the amount of energy released per accreted nucleon, Q sh . Other parameters included in the MCMC were the amount of light elements in the stellar envelope, the impurity parameter that controled electron scattering for the thermal conductivity, and the extent of neutron superfluidity in the inner crust that strongly affected the specific heat.
Data availability statement The data that support the plots within this paper and other findings of this study are available from the corresponding author upon reasonable request. 
Supplementary Information
The X-ray Source Position and the Optical Counterpart Figure 1 shows the HST/ACS image of the field around J2150−0551, which is marked with a green circle of radius twice as large as its 99.73% X-ray positional error (0.25 arcsec) that we obtained from C2. J2150−0551 appears to be on the outskirts of Gal1, a barred lenticular galaxy at z = 0.05526 ± 0.00003 (from the pPXF fit below, DL = 247 Mpc, and the 6dF Galaxy Survey gave a consistent redshift 64 ). J2150−0551 is at an angular offset of 11.6 arcsec, corresponding to 12.5 kpc, from the nucleus of Gal1. J2150−0551 is at an offset of only 0.14 arcsec (less than the 99.73% positional error) from a faint optical source at R.A.=21:50:22.498 and Decl.=−5:51:09.093. Further considering the correlated optical and X-ray variability, as will be demonstrated below, we can securely identify this optical source as the counterpart to J2150−0551. The number density of galaxies that are as bright as or brighter than Gal1 in the Two Micron All Sky Survey 65 Ks band (12.3 mag) near J2150−0551 is 3.9 deg −2 . Then the chance probability for J2150−0551 to be within 11.6 arcsec from the nucleus of Gal1 is very low, only 0.01%. Therefore, Gal1 is most likely the host of J2150−0551. Figure 1 shows that near J2150−0551 there appears to be a smaller galaxy (marked as "Gal2"), which could be connected with Gal1 with a stream and thus could be a satellite galaxy of Gal1. The possible stream is also seen in various ground-based images, such as the Gemini rG0326 image shown in Supplementary Figure 1 . Therefore Gal1 could be rich in minor mergers.
To test whether the counterpart to J2150−0551 was resolved in the HST image, we used ishape 66 . We created an empirical PSF using several stars in the field and fitted a range of models, including both King and Sérsic functions. All fits were performed on the two individual flat-fielded images in which the source appears, rather than on the final drizzled image. For no model tested was there a significant improvement in the reduced χ 2 of the fit over a point source. While deeper data are desirable, we found no compelling evidence that the source was resolved in the available images. If the object was extended, its effective radius would be 0.02 arcsec, or 20 pc.
C1 also detected a faint X-ray source (Source 1) at an offset of only 0.06 arcsec from the optical center of Gal1. The offset is much smaller than the 99.73% X-ray positional error of Source 1 (0.39 arcsec or 0.42 kpc), supporting the nuclear origin for the source.
X-ray Spectral Modeling
The XMM-Newton and Chandra spectra (X1, C1, X2, and C2) of J2150−0551 are of good quality, and we fitted them in detail. The spectra were rebinned to have a minimum of 15 counts per bin in order to adopt the χ 2 statistic in the fits in XSPEC 67 . Because J2150−0551 most likely resides in the galaxy Gal1 at z = 0.055, we first explored this scenario by applying this redshift to all the spectral models that we tested with the convolution model zashift in XSPEC. Galactic absorption 68 of NH = 2.64 × 10 20 cm −2 was included using the tbabs model, while absorption intrinsic to the source was modeled with ztbabs. The Wilm abundance table 69 was adopted. Because the X1, C1, and X2 spectra were obtained from relatively large source regions due to large PSFs in these observations, they might be very weakly contaminated by the nearby nuclear emission Source 1. The spectrum of Source 1 in C2 can be fitted with an absorbed power law (PL) of Galactic absorption (intrinsic absorption is consistent with zero) and ΓPL = 1.8 ± 0.5 (the source rest-frame 0.32-10.6 keV unabsorbed luminosity was 6 × 10 40 erg s −1 ). Therefore, in our fits to the X1, C1, and X2 spectra, we had an extra absorbed PL component with ΓPL fixed at 1.8 and NH fixed at 2.64 × 10 20 cm −2 to account for possible contamination from Source 1. The inferred contamination was found to be very weak and have negligible effects on the fitting results of J2150−0551.
All spectra of J2150−0551 were very soft, with little emission above 3 keV. The first spectral model that we tested was an absorbed PL. We obtained very high photon indices (ΓPL ≥ 4.8) for all spectra. The fits showed clear systematic residuals (e.g., reduced χ 2 value χ 2 ν =1.26 for degrees of freedom ν = 325 for X1). We next tried to fit the spectra with an absorbed single-temperature blackbody (bbodyrad in XSPEC). However, the fits were generally bad (e.g., χ 2 ν =1.45 for ν = 325 for X1 and χ 2 ν =1.54 for ν = 100 for C1), with the systematic residuals indicating that the spectra are broader than a singletemperature blackbody. We next tried an absorbed multicolor disk (diskbb in XSPEC) model and obtained acceptable fits with χ 2 ν in the range of 0.9-1.3 for X1, C1, and X2. The χ 2 ν value was higher for C2, but with ν = 6, the probability that the spectrum was drawn from the model is modest (9%). All spectra inferred a small and consistent intrinsic column density NH,i. In the final fits, we fitted all spectra simultaneously with NH,i tied to be the same. The fit results are given in Table 1 and are shown in Figure 2 . The fit residuals are shown in Supplementary Figure 2 . We note that we fixed NH,i at the best-fitting value when we calculated the uncertainties of the other parameters. Fixing NH,i could put tighter constraints on the disk parameters and allow us to determine the significance of the relative changes of the disk properties with the observations more accurately. Figure 3 plots the bolometric disk luminosity L disk versus the the apparent maximum disk temperature kT disk from the diskbb fits. Remarkably, the disk luminosity overall approximately follows the L ∝ T 4 relation (constant inner disk radius, the solid line in the figure), as observed in black hole (BH) X-ray binaries in the thermal state 8, 9 . The disk cooled significantly, with kT disk decreasing from ∼0.28 keV in X1 and C1 to 0.14 keV in C2 as L disk decreased by an order of magnitude (see also Table 1 ). Especially from C1 to X2 in nearly three years, the apparent inner disk radius R disk decreased only slightly (by 15%) at the 2.8σ confidence level, but kT disk decreased from 0.28 keV to 0.23 keV at the 7.4σ confidence level. R disk in C2 seemed to be larger than that in X2 by 71%, but only at the 2.5σ confidence level, while the cooling of the disk from X2 to C2 was very significant (10σ). Therefore, we conclude that the source was in the thermal state in C1, X2, and C2.
The most significant deviation from the L ∝ T 4 relation was observed from X1 to C1. R disk decreased by 32% at the 6σ confidence level from X1 to C1 in nearly four months, while kT disk was consistent to within the 2σ error. One explanation for this deviation is that the inner disk reached the local Eddington limit in X1, which is brighter than C1 by 50%. In such a scenario, the cooling from advected photons and/or radiation-driven mass outflow in the inner disk is expected to be significant, resulting in a disk temperature profile with respect to the radius r to deviate from T ∝ r −3/4 for a standard thin disk [70] [71] [72] [73] [74] . Therefore we also tested the p-free disk model (i.e, T ∝ r −p , with p as a free parameter, diskpbb in XSPEC) for the three brightest spectra X1, C1, and X2. We found that the p parameter was not well constrained for all spectra. In order to provide a meaningful comparison of the p values among different spectra, we fixed p at the value of 0.75 for a standard disk for X2 and fixed NH,i and the diskpbb normalization (thus the inner disk radius) at the best-fitting values obtained from the simultaneous fit to all three spectra with these two parameters tied together. The fit results are given in Supplementary Table 3 . We inferred p = 0.70 ± 0.03 (90% error) for C1, fairly close to the standard disk value (0.75) assumed in X2 (the difference is 3σ). The p value from X1 (0.610 ± 0.012) is significantly smaller than the standard disk value (at the 20σ confidence level). Therefore the fits with the absorbed diskpbb model also suggest that the inner disk reached the local Eddington limit in X1. We note that although the diskpbb model might describe X1 better than diskbb, the bolometric luminosity is better to be estimated with diskbb because the local Eddington limit was expected to be reached only in the inner disk region and diskpbb could significantly overestimate emission from the outer disk region.
We used the AGN spectral model optxagnf 10 (in XSPEC) to roughly estimate the BH mass. The model was created assuming a disk inclination of 60
• . It includes three components: a thermal disk, a lowtemperature Comptonized component and a high-temperature Comptonized component. We applied only the thermal disk component of the model to the two thermal-state spectra that have the highest quality, i.e., C1 and X2. Therefore, there were only three free parameters of the model in our fits: the BH mass MBH, the spin parameter a * , and the Eddington ratio. We fitted both spectra simultaneously, with all parameters except the Eddington ratio tied to be the same. The fits could not constrain both MBH and a * well simultaneously. We found that we required a * > 0.92 if C1 and X2 were required to have the Eddington ratios below 1.0, thus in the thermal state. Assuming a * = 0.92, we inferred MBH = 5.3 × 10 4 M⊙ (Supplementary Table 3 ), which is likely the lower bound of the BH mass. The upper bound of the BH mass could be obtained assuming a maximally-rotating Kerr BH, and we got MBH = 1.2 × 10 5 M⊙ (Supplementary Table 3 ). We did not use X1 to constrain the BH mass because it is less clear what Eddington ratio this observation assumed, though when the inner disk reached the local Eddington limit, the Eddington ratio might be 72 close to 1.0.
The very soft X-ray spectra of J2150−0551 resemble the emission from cooling NSs in LMXBs right after large accretion outbursts 53 . Therefore we also fitted the X-ray spectra of J2150−0551 with the NS atmosphere model nsatmos 75 (the other popular model nsa 76 gave very similar results). We first fixed the NS mass and radius to canonical values of MNS = 1.4 M⊙ and RNS = 10 km. The X1, C1, X2, and C2 spectra were fitted simultaneously, with the column density and the source distance tied to be the same. The fit results are shown in Supplementary Figure 3 and given in Supplementary Table 3 . The fits were marginally acceptable. The fit to C2 had the highest χ 2 ν value (3.2, ν = 8), showing clear systematic residuals. The χ 2 probability Pχ was rather low (0.1%). If we allowed the distance in C2 to be different from that of X1, C1, and X2, we obtained a better fit (χ 2 ν = 1.9, ν = 7, Pχ = 6%, the fit quality was similar to that obtained with an absorbed diskbb model). The inferred distance was 2.6 times smaller than that from the joint fit of X1, C1, and X2, corresponding to a 2.5σ discrepancy. Because it does not make sense to adopt different source distances for different observations, from now on, we will concentrate on the fits with the source distance tied to be the same for all observations. The fits inferred the effective temperature measured by a distant observer kT ∞ nsatmos,eff to decrease from 75 eV in X1 to 37 eV in C2. We note that these effective temperatures are much lower than the temperatures inferred from blackbody or diskbb fits because the NS quiescent spectrum as calculated in nsatmos tends to have a harder high-energy tail than a blackbody 55 . We could not effectively differentiate these various models in the spectral fits because the X-ray spectra were very soft, while we could only use energy bands above 0.3 keV and there was Galactic absorption (NH = 3 × 10 20 cm −2 ) at low energies.
We explored the dependence of the fits on the assumed NS mass (1.0-2.2 M⊙) and radius (8-16 km). We found that kT ∞ nsatmos,eff hardly changed ( 4 eV) with the assumed NS mass and radius. Supplementary Table 3 also includes the fit results for RNS = 13 km and 16 km and MNS = 1.4 M⊙.
The Long-term and Short-term X-ray Variability Figure 2 plots the long-term evolution of the bolometric disk luminosity L disk of J2150−0551 inferred from the diskbb fits, adopting a distance of DL = 247 Mpc and a disk inclination of 60
• . The source was first detected in X1 on 5 May 2006, with L disk ∼ 1.1 × 10 43 erg s −1 . It was still bright in C1, X2 and C2, but with L disk decreasing by factors of 1.5, 3.9, and 10.1, respectively. The source rest-frame 0.32-10.6 keV unabsorbed luminosity decreased by a factor of 17 from X1 to C2 (Table 1 ). The S1 observation in September 2014 had very low statistics, with only 7 counts detected (corresponding to ∼3σ, one background count expected)) within 0.3-10 keV in the source region. Therefore we did not carry out spectral fits to S1. With 6 out of the 7 counts below 1 keV, the S1 spectrum could be as ultrasoft as C2. Therefore we estimated the luminosity of the source in S1 (as shown in Figure 2 ) assuming the diskbb fit to C2 and found a luminosity level consistent with that of C2. We note that J2150−0551 was not detected in the ROSAT All-Sky Survey in 1990, whose detection limit was a factor of two lower than the flux of our source in X1. The source was covered but not detected in an XMM-Newton slew observation on 14 May 2004, which had an effective exposure of 3 seconds and the 3σ detection limit of 3 × 10 −12 erg s −1 cm −2 (a factor of four higher than the flux in X1). The source was not detected in another XMM-Newton slew observation on 23 November 2015 either. This observation had an effective exposure of 10 seconds and the detection limit an order of magnitude above the source flux indicated by S1 and C2.
Supplementary Figure 4 shows the long-term monthly light curve of J2150−0551 from the ASM onboard the RXTE over the whole time of the mission. There was no significant detection of the source in any timescale. On the monthly basis, the 3σ upper limit when the source flux was not significantly affected by the Sun was typically 0.2 cts s −1 , corresponding to <6 × 10 −11 erg s −1 cm −2 (1.5-12 keV). This limit is three orders of magnitude more than the peak flux of J2150−0551 in 1.5-12 keV (5 × 10 −14 erg s −1 cm −2 , from X1), explaining why the ASM did not detect the soft X-ray outburst detected by XMM-Newton and Chandra.
Supplementary Figure 5 shows the light curves of J2150−0551 from the four deep X-ray observations X1, C1, X2, and C2. We obtained χ 2 probabilities of constancy of 0.07, 1.0, 0.02, and 0.48 for these light curves, respectively, indicating no significant short-term variability in all observations.
Multi-wavelength Photometry Observations
The photometry of J2150−0551 in various filters is listed in Supplementary Table 2 The CFHT/CFH12K photometry would then represent the quiescent emission of the optical counterpart to J2150−0551. The absolute V -band magnitude of the source would be ∼−12.3 AB mag if it is in Gal1. Therefore J2150−0551 most likely resides in a massive star cluster. In order to assess the properties of the cluster, we fitted the CFHT/CFH12K and HST/ACS photometry with a stellar population model 11 that is based on theoretical atmospheres with the Salpeter initial mass function. We applied both Galactic dust reddening of E(B − V) G = 0.03 mag and the intrinsic reddening of E(B − V) i = 0.01 mag. The intrinsic reddening was calculated based on the relation E(B − V) = 1.7 × 10 −22 NH and using intrinsic NH obtained from the X-ray spectral fits. The redshift of z = 0.055 was applied. We inferred a stellar population of age 1.0 ± 0.3 Gyr and bolometric luminosity L * = 1.4 × 10 7 L⊙, assuming a solar metallic-ity. Using the mass-to-light ratio for the corresponding metallicity and age 1 , we estimated the stellar mass of the cluster to be M * = 8.0 × 10 6 M⊙. We also tested a two-population solution with the age of one population fixed at 14 Gyr. We found that we could not constrain the individual populations well and could not rule out a cluster composed of a dominant old population (M * ∼ 5 × 10 7 M⊙) and a small young population (M * ∼ 4 × 10 5 M⊙). M⊙ and L * ∼ 1.4 × 10 7 L⊙. The inferred population age has large uncertainties, strongly dependent on the population model assumed.
The enhancement of the flux at short optical wavelengths in 2005 could be from an irradiated accretion disk near the peak of the outburst, while radiation-driven outflow/wind could also cause this. In order to check roughly whether the optical flare could be described with disk irradiation, we fitted the broad-band spectra combining the X1 X-ray spectrum and the CFHT/MegaCam and CFHT/WIRCam photometry with the irradiated accretion disk model diskir 77 (in XSPEC), with an additional component to account for the star cluster emission. The star cluster component was fixed at the single stellar population model based on the CFHT/CFH12K and HST/ACS photometry, obtained above with a solar metallicity. The irradiated accretion disk model included thermal emission from the inner disk and reprocessing in the outer disk, but not the Compton tail, as the X-ray spectrum seemed purely thermal. The best-fitting model is shown in Supplementary Figure 6 . The fraction of the bolometric flux that was thermalized in the outer disk was inferred to be fout = 1.4
close to the typical values of ∼10 −3 seen in BH X-ray binaries 77 . The best-fitting outer disk radius rout was 10 3.9±0.3 times the inner disk radius. We note that the CFHT/MegaCam photometry was taken before X1 and could correspond to a higher X-ray flux and that there could be hot outflow which we neglected in the modeling. Then we expect the real disk to assume smaller values of rout and/or fout than obtained above.
The model obtained from the broad-band fit above predicted the flux in the OM U V M 2 filter to be one order of magnitude lower than the 3σ detection limit of the OM U V M 2 images in X1 and X2 (∼22.0 AB mag), explaining the non-detection of our source in these images. The 3σ detection limit (24.2 AB mag) of the U V W 2 image in S1 is a factor of ∼2 above the prediction from the broad-band fit. Further considering the significant decrease of the source X-ray flux from X1 to S1, we expect the U V W 2 flux in S1 to be much lower than the detection limit, explaining the non-detection of our source in the S1 U V W 2 image.
The GMOS Observation
Supplementary Figure 7 plots the Gemini spectrum of the nuclear region of Gal1. The spectrum showed prominent absorption features, and thus we expect it to be dominated by an old stellar population. This is supported by the pPXF fit, which inferred the mean age weighted by the mass to be 10.9 Gyr and the mean age weighted by the light to be 10.4 Gyr (Supplementary Figure 8) . Some faint emission lines were detected too, most significantly [N II] λ6583 (luminosity L = 9 ± 1 × 10 39 erg s 
10 L⊙, which has been corrected for the slit loss by comparing the spectrum with the SDSS r ′ -band photometry.
The spectrum of Gal2 is shown in Supplementary Figure 9 , and it is somewhat noisy. There were no significant emission lines or absorption features that would allow us to determine the redshift of the galaxies. In the pPXF fit shown in figure, we assumed Gal2 to have the same redshift as Gal1. The spectrum appeared blue, and our pPXF fit suggests the presence of young stellar populations ( 0.3 Gyr, Supplementary Figure 10 ). The mean age of Gal2 weighted by the mass is 7.6 Gyr, while the mean age weighted by the light is 2.5 Gyr. The total mass is 1.1 × 10 8 M⊙, and the luminosity within the fitting band is 4.7 × 10 7 L⊙.
The spectrum of the optical counterpart to J2150−0551 is even noisier. There were no clear emission lines or absorption features in this spectrum either. In the pPXF fit shown in Supplementary Figure 11 , we assumed J2150−0551 to be blueshifted by 300 km s −1 relative to Gal1 so that the Hα line corresponded to a spike in the spectrum. In this case, there might be some Hα emission at L = 2.1±0.4×10
38 erg s −1 . The absence of strong narrow emission lines in J2150−0551 could be due to the lack of a narrow-line region as seen in AGNs and/or due to very weak persistent emission. The 3σ upper limit for [O III] λ5007 was 2× 10 37 erg s −1 . Based on the relation 78 between the bolometric persistent luminosity and the [O III] λ5007 luminosity for AGNs, we inferred the bolometric persistent luminosity in J2150−0551 to be <1.7 × 10 39 erg s −1 (3σ upper limit), which is a factor of ∼6,000 below the peak luminosity of J2150−0551.
Because the spectrum is too noisy, the mass and light distributions inferred from the pPXF fit probably have large uncertainties. Thus we do not show them here. The pPXF fit inferred the optical counterpart to J2150−0551 to have a total stellar mass of 4.9 × 10 7 M⊙, and stellar light within the fitting band of 5.7 × 10 6 L⊙. The mean age weighted by the mass is 7.8 Gyr, and the mean age weighted by the light is 5.8 Gyr. These values are broadly consistent with those obtained from the fit to the CFHT/CFH12K and HST 2000-2003 photometry with a single stellar population model. In Supplementary Figure 11 , we also mark the positions of the typical emission/absorption features expected if the source is a Galactic object of zero redshift. We could not confidently identify any feature in this case either.
The off-center IMBH Explanation
We have fitted the X-ray spectra of J2150−0551 assuming it to be in Gal1. All the results are well explained if it is a TDE from an IMBH of mass ∼5×10 4 M⊙. The IMBH nature is strongly supported because the X-ray spectra can be described with a standard thermal thin disk of very high luminosities and low temperatures, which approximately follow the L ∝ T 4 relation. Such a relation, though commonly observed in accreting stellar-mass BH in the thermal state 8, 9 , was not clearly observed in other IMBH candidates except 29, 30 ESO 243-49 HLX-1. The position of the L ∝ T 4 relation in the L-T plot and thus the disk temperature range (0.14-0.28 keV in J2150−0551) depend mainly on the BH mass. Therefore the similar L ∝ T 4 relations traced out by ESO 243-49 HLX-1 and J2150−0551 (Figure 3 ) suggest that they contain BHs of similar masses, within a factor of a few.
The IMBH nature of J2150−0551 can also be inferred based on comparison of its disk temperatures with those seen in TDEs from galactic nuclei. Nuclear TDEs with good thermal X-ray spectra have peak disk temperatures in the range 6, 79-82 between 0.05-0.15 keV (for studies that used a single-temperature blackbody to fit the X-ray spectra, we have multiplied the blackbody temperature by a factor of 1.4 to infer the equivalent disk temperature 83 ). The peak disk temperature of J2150−0551 (0.28 keV) was at least twice higher than this range.
Because the disk temperature depends on the BH mass as M −1/4 for a standard thermal thin disk 84 , the mass of the BH in J2150−0551 would then be at least one order of magnitude lower than seen in most nuclear TDEs and thus is most likely in the IMBH range.
We note that J2150−0551 is unlikely to be one of ultraluminous X-ray pulsars, whose luminosities have been detected 85 to be up to 10 41 erg s −1 . The ultrasoft X-ray spectra (photon index ≥4.8) of J2150−0551 are in contrast with the very hard spectra (photo index <2.0 below 5 keV) of four known ultraluminous X-ray pulsars 85, 86 .
Our multiwavelength data suggest that J2150−0551 exhibited a luminous prolonged outburst from optical to soft X-rays. The outburst was probably not caused by large variability of persistent emission, which might be very weak based on the lack of strong narrow emission lines (see the previous section). The high luminosity and the long duration of the outburst can be naturally explained if the event is a TDE. A simple TDE model for the luminosity evolution of J2150−0551 is plotted in Figure 2 . It models the decay as (t − tD) −5/3 , which was predicted by the standard TDE theory 1, 15 and observed in many TDE candidates in galactic nuclei 87, 88 . The disruption time tD was inferred to be around 18 October 2003 (1σ error 37 days). The very small number of data points that we had did not allow us to fit the light curve with more complicated models. If we fitted the luminosity decay as (t − tD) α with a variable index α, we obtained a fit of α = −0.8 ± 0.1 (1σ error), but via the F -test, a variable index only improved the fit at the 74% confidence level. Moreover, the disruption time was inferred to be on 24 August 2005 (1σ error 47 days), within the time interval when the optical flare was detected. Similarly, with so few data points, it is difficult to check for the presence of slow circularization. When circularization of stellar debris is slow, the light curve would decline slower than predicted in the standard TDE theory 17 , as might occur in the TDE candidate 6 3XMM J150052.0+015452. Given that the luminosity evolution of J2150−0551 is consistent with the standard (t − tD) −5/3 curve, we expect relatively prompt circularization of stellar debris in this event.
There could be a super-Eddington accretion phase in J2150−0551 lasting for around three years. This is supported by the X1 observation, which seems to deviate from the L ∝ T 4 relation traced out by the other observations. The luminosity in the super-Eddington accretion phase is expected to be around the Eddington limit 16 . This can explain the non-detection of the source in the XMM-Newton 4 M⊙ and 10 5 M⊙, respectively. Therefore our inference of t Edd ∼ 3 yr for J2150−0551 is reasonable for its IMBH nature. Because of the presence of a long super-Eddington accretion phase, which was largely missed, J2150−0551 appeared to last longer than other TDEs (typically decay significantly in a year).
The optical counterpart in quiescence is consistent with a massive (∼10 7 M⊙) star cluster with an effective radius of <20 pc. This dense star cluster environment makes the TDE explanation for J2150−0551 reasonable. One intriguing explanation for the optical counterpart is that it is the accreted remnant nucleus of a dwarf galaxy tidally stripped by Gal1. Accreted remnant nuclei of dwarf galaxies have been used to explain massive star clusters brighter than classical globular clusters [90] [91] [92] [93] . Interestingly, Figure 1 shows a possible minor merger of a satellite galaxy (Gal2), which is connected with Gal1 through a possible stream and is close to J2150−0551. The nuclei are normally expected to remain in the middle of the tidal stream in minor mergers 94 . Thus Gal2 is probably unrelated to J2150−0551. However, the presence of such a merging feature indicates that Gal1 might be in an epoch of frequent minor mergers.
A few optical transients possibly offset from the centers of their host galaxies were reported as TDE candidates (PTF-10iam, PTF10nuj, PTF-11glr, and Dougie) 95, 96 , but it is very hard to completely rule out a supernova explanation for them 97 , due to the lack of strong X-ray detections associated with these events 98 . The event 3XMM J141711.1+522541 could be an off-center TDE with a peak X-ray luminosity of a few ∼10 43 erg s −1 , but the TDE nature of that event was not certain due to poor sampling of the light curve 36 . Therefore, J2150−0551 is the best off-center TDE candidate thus far.
A wide variety of searching strategies [99] [100] [101] have resulted in discovery of a few off-center 27-30, 36, 102-107 and centered [108] [109] [110] [111] [112] IMBH candidates. These objects were generally not bright in X-rays, except ESO 243-49 HLX-1 and some others that could be due to TDEs 24, 36, 110, 113 . ESO 243-49 HLX-1 and J2150−0551 showed the best evidence for the thermal state of an IMBH, with a clear L ∝ T 4 evolution track detected.
Alternative Explanations
At a high Galactic latitude of −42
• , J2150−0551 has a high chance to be extragalactic. We have explored the case that the source is in Gal1. We still need to check whether the source could be instead from the nucleus of a background galaxy, either as an AGN or TDE, that just happens to lie very close to Gal1 in the sky. J2150−0551 is different from standard AGNs in various aspects, with very soft X-ray spectra (ΓPL > 4.5), large variability (a factor of ∼17, absorbed 0.2-12 flux), and a large X-ray (0.2-12 keV, maximum) to IR (Ks-band) flux ratio (log(FX/FIR) = 3.2), while most AGNs, including Narrow-line Seyfert 1 galaxies that might have accretion rates close to the Eddington limit, have 114 ΓPL ∼ 1.9, long-term variation factors < 10, and log(FX/FIR) 2.0. Two AGN candidates (2XMM J123103.2+110648 and GSN 069) with AGN emission line signatures in optical were found to have pure thermal X-ray spectra and large variability, but the TDE explanation for them cannot be ruled out 109, [114] [115] [116] [117] [118] . One main difference between J2150−0551 and these two and other thermal TDE candidates is that J2150−0551 had a significantly higher X-ray-to-IR flux ratio (log(FX/FIR) = 3.2) than other thermal TDE candidates (log(FX/FIR) 2.0). Moreover, there are very few known thermal TDEs, especially those of high characteristic temperatures (peak temperature > 0.2 keV). Then the chance probability to find one such TDE so close to Gal1 is very low (∼0.01%). Based on the above argments, we rule out a background AGN or TDE explanation for J2150−0551.
If J2150−0551 is a Galactic object, given its high Galactic latitude, we expect the source distance to be small. Then it would most likely have low luminosities (0.2-12 keV luminosity <5 × 10 32 erg s −1 assuming a distance of 2 kpc). J2150−0551 had log(FX/FIR) = 3.2, making it unlikely to be a coronally active star (log(FX/FIR) −0.9) 114 . High X-ray to IR flux ratios, however, are often seen in compact object systems that contain white dwarfs, NSs, or BHs 114 . With very soft X-ray spectra, the source cannot be a low-luminosity BH X-ray binary, whose X-ray spectra are expected to be hard (ΓPL 2.0) 119 . The large variability (a factor of 17 in ∼10 yr) of the source makes it unlikely to be an isolated white dwarf or NS. The low luminosities of the source would make it unlikely to be supersoft emission from cataclysmic variables ( 10 36 erg s −1 ) 120 .
Then we are left with the cooling NS in a LMXB as the only likely alternative explanation for the source if it is in our Galaxy. As we have shown above, the very soft X-ray spectra of J2150−0551 approximately resemble those of thermally cooling NSs in LMXBs often detected after large accretion outbursts 52 . Supplementary Figure 12 shows that the cooling curve of J2150−0551 (if it is an NS LMXB) is very similar to those of six confirmed LMXBs 51 . There are two major differences though. One is that J2150−0551 had a cooling timescale of 2008 days, much longer than the six NS LMXBs shown (<500 days). The other major difference is that the NS in J2150−0551 in the later stage would be much cooler (31 eV) than the NSs in those six LMXBs (>50 eV).
In the NS LMXB explanation for J2150−0551, the very faint optical flare detected in the CFHT images in 2005 would be probably associated with the accretion outburst, instead of the early fast-evolving thermal cooling phase. This is because the optical flux was steady during the flaring period (see the above section). Then we inferred the accretion outburst to last for at least five months and end at a time between 5 May 2006 (when X1 was taken) and 7 November 2005 (when the CFHT g ′ -band image was taken). The accretion outburst should have started after 14 May 2004 (when the first XMM-Newton slew observation was taken). This is because J2150−0551 was not detected in this slew observation, whose 3σ upper limit of the 0.2-12 keV flux was only a factor of four of the flux in X1. Our constraint on the accretion outburst start date is also supported by the absence of an optical enhancement in the HST observation in September 2003.
The quiescent optical/IR counterpart to J2150−0551 is very faint, with the Ks-band Vega magnitude of at most 20.8 mag, or absolute magnitude between +8.1 and +9.1 mag assuming a source distance of 2.2-3.5 kpc (inferred from the nsatmos fits listed in Table 3 ). The companion counterpart is then expected to be a late M dwarf 121 . However, during quiescence, the optical spectrum of the source did not look very red, as would be expected for a late M dwarf. The most likely explanation for this would be that the companion was illuminated by the NS thermal emission.
Besides the very low chance probability of positional coincidence with Gal1, the most challenging problem with the cooling NS LMXB explanation for J2150−0551 is the absence of a large accretion outburst in the ASM light curve, which constrained the 3σ upper limit of the monthly-average 1.5-12 keV luminosity of J2150−0551 to be (3-9)×10 34 erg s −1 , assuming a source distance of 2.2-3.5 kpc (Table 3) . Then the accretion outburst would be very faint, making the source one of the very faint X-ray transients (VFXTs, peak X-ray luminosity <10 36 erg s −1 ), most of which were detected toward the Galactic center [122] [123] [124] . Most VFXTs have very short outbursts of weeks, but quasi-persistent VFXTs also exist 125 . Cooling curves thus far were only detected for transient LMXBs that experience bright outbursts ( 10 36 erg s −1 ). It is not clear whether the crust of an NS in a VFXT could be significantly heated up.
Our numerical modeling with NSCool of the hypothetical accretion outburst that may have resulted in the observed cooling curve of an NS in the LMXB J2150−0551 inferred the mass accretion ratė M and thus ASM count rateĊ to strongly depend on the value of Q sh assumed. The physical nature of the shallow heating is still unknown, and Q sh inferred by fitting cooling curves of several LMXBs are mostly 58, 62, 126-128 <3 MeV/nucleon. The MCMC runs foundĊ = 2.3 +0.8 −0.5 cts s −1 (1σ error) for Q sh = 1 MeV andĊ = 0.8
−0.2 cts s −1 for Q sh = 3 MeV. These values are factors of 10 (11σ) and 4 (5σ) of the 3σ upper limit implied by the ASM ( 0.2 cts s −1 ), respectively. The discrepancy would be larger, further considering that our MCMC runs assumed a constantṀ in the accretion outburst, without taking into account the outburst decay, which would significantly underestimate 126 Q sh and thusṀ . If Q sh was allowed to be extremely high (10 MeV/nucleon), it is possible to have a very faint accretion outburst (Ċ = 0.21 ± 0.04 cts s −1 , around the ASM detection limit) to produce the observed cooling curve. However, thus far, only MAXI J0556−332, which is completely different from J2150−0551 for containing an extremely hot NS (the top dotted line in Supplementary Figure 12 ) and having super-Eddington accretion rates in the peak 51 , was inferred to have 63, 129 Q sh ∼ 10 MeV/nucleon. One way to differentiate between a Galactic cooling NS and a TDE by an extragalactic IMBH would be through continued multiwavelength follow-up observations. NS LMXBs in quiescence might sporadically exhibit low-luminosity X-ray flares 51, 130 , which are not expected in a TDE. If it is a cooling NS, we expect the flux and the temperature to hardly decrease in the future, while for a TDE, we expect the flux to continue to decrease with time, approximately as t −5/3 .
IMBH Space Density TDE rates can be used to probe the space density and the occupation fraction of BHs 131 . We roughly estimated the rate of off-center TDEs like J2150−0551, in a similar way as we did for another TDE candidate 6 3XMM J150052.0+015452. We discovered J2150−0551 through systematic search over the 3XMM-DR5 catalog 132 . We were limited to the sources that have at least one detection of S/N > 20. We focused on sources of large variability and/or soft spectra and carefully inspected whether they are TDEs based on all available public data. Limited to observations outside the Galactic plane (galactic latitude |b| > 20
• ) and assuming that events like J2150−0551 have a mean luminosity and soft X-ray spectra as in X1 and have a duration of 3 years, we estimated to detect ∼2.0 × 10 8 r events, where r is the event rate in units of Mpc −3 yr −1 . We at least discovered one event, suggesting r 5 × 10 −9 Mpc −3 yr −1 . Our search was not complete in the sense that we could not confirm the off-center TDE nature of a few fainter events due to the poor X-ray coverage and/or the lack of deep optical data (needed to check the off-center nature of the events). For example, another event 3XMM J141711.1+522541 possibly similar to J2150−0551 was also discovered in this search 36 . Taking this into account, we estimated r to be around 10 −8 Mpc −3 yr −1 . The expected TDE rate γ of IMBHs of a few 10 4 M⊙ in star clusters is not well established theoretically. Studies with direct N -body simulations 21, 22 inferred γ ∼ 10 −5 yr −1 per IMBH of a few 10 4 M⊙, while analytical studies estimated 23, 133, 134 γ ∼ 10 −3 yr −1 . Then based on the observed TDE rate above, we constrained the space density n of off-center IMBHs of a few 10 4 M⊙ to be between ∼10 −5 -10
The space density n ′ of the off-center star clusters of mass ≥10 7 M⊙, as observed in the counterpart to J2150−0551, can be estimated based on the dependence of the number of massive star clusters on the halo mass predicted from numerical simulations 135 and the halo mass function 136 . We estimated n ′ ∼ 10 −2 Mpc −3 , which had been multiplied by a factor of 2 to account for the fact that the numerical simulations appeared to underestimate the number of massive star clusters in galaxy clusters by such a factor. Therefore, the space density of massive star clusters is, as expected, at least one order of magnitude larger than the space density of IMBHs of a few 10 4 M⊙ estimated by us above based on the TDE rate.
Supplementary Table 1 | The X-ray Observation Log. Columns: (1) the observation ID with our designation given in parentheses, (2) the observation start date, (3) the instrument, (4) the off-axis angle, (5) the exposures of data used in final analysis, (6) the radius of the source extraction region, (7) the net count rate in the source extraction region (0.3-10 keV for XMM-Newton and Swift observations, and 0.4-8 keV for C1 and 0.3-8 keV for C2, all in the observer frame), with 90% confidence error. Supplementary Table 3 | Fitting results of the X-ray spectra from J2150−0551. All errors are at the 90% confidence level. N diskpbb is defined as ((R in /km)/(D/10kpc)) 2 cos θ, where R in is the apparent inner disk radius, D is the source distance, θ is the disk inclination. a These parameters were tied together in the simultaneous fits to the X1, C1, and X2 spectra, and they were fixed at the best-fitting values when we calculated uncertainties of other spectral parameters. Supplementary Figure 1 | The Gemini image used to make the slits for a GMOS observation around the field of J2150−0551. Three slits are shown here, with one going through the nucleus of Gal1 and the counterpart to J2150−0551, one for Gal2, and one for a possible background galaxy Gal3 (marked in the plot, not studied in this work). Supplementary Figure 9 | The pPXF fit to the Gemini spectrum of Gal2, assuming it to be at the same redshift as Gal1. The spectrum is somewhat noisy, and we observed no significant emission lines or absorption features. The gray areas mark some portions of the spectra seriously affected by the atmospheric OH absorption and CCD gaps.
Supplementary
Supplementary Figure 10 | Relative mass and light fractions of stellar populations in Gal2 with respect to metallicity and age, suggesting the presence of young stellar populations of 0.3 Gyr.
Supplementary Figure 11 | The pPXF fit to the Gemini spectrum of the counterpart to J2150−0551, showing no significant emission lines or absorption features. We assume the spectrum to be blueshifted by 300 km s −1 relative to Gal1 in the pPXF fit. The expected typical AGN emission lines and stellar absorption features are also marked below the spectrum. We also mark the expected typical emission/absorption lines in the case that J2150−0551 is a Galactic object with zero redshift. The spectrum is noisy and has been smoothed with a box function of width 8.6Å (the FWHM resolution of the spectrum) for clarity. The gray areas mark some portions of the spectrum seriously affected by the atmospheric OH absorption and CCD gaps.
Supplementary Figure 12 | Evolution of the effective temperature based on the nsatmos fits to the X-ray spectra of J2150−0551, assuming an NS of mass 1.4 M ⊙ and radius 10 km. The error bars, smaller than the symbol size, are at the 90% confidence level. The dotted lines plot the fits of the cooling curves from six cooling NSs (MAXI J0556−332, XTE J1701−462, EXO 0748−676, MXB 1659−29, KS 1731−260, IGR J17480−2446, from the top to the bottom at the time of day 1) 51 with an exponential decay to a constant (T ∞ eff (t) = T 1 exp −t/τ +T 0 ). For J2150−0551, the ending date of the hypothetical accretion outburst is unknown, and we assumed it to be one month before X1 when we fitted the cooling curve (solid line). The fit inferred a decaying timescale of 2008 days, which is independent of the ending date of the accretion outburst assumed.
